Bacillus anthracis, a gram-positive spore-forming bacterium, is the causative agent of anthrax. The three secreted proteins which together are called anthrax toxin are PA, LF, and EF. By interacting with a cell surface protein receptor, PA mediates the endocytosis and translocation of EF and LF into the cytosol (14, 24, 32) . EF is a calmodulin-dependent adenylate cyclase (23) . LF is a metalloprotease with the consensus zincbinding site HEXXH (21) . A cellular substrate for LF was recently identified as MEK1, which is inactivated after cleavage of the N-terminal seven amino acids (7, 41) . The combination of LF and PA, termed LeTx, is the major contributor to virulence in infected animals, as proven by the Ͼ1,000-fold decrease in virulence when the LF gene is inactivated (33) . LeTx is cytolytic for some primary mouse macrophages and macrophage-like cell lines (9, 34) . It remains unknown whether cleavage of MEK1 is sufficient to cause cytolysis of macrophages or whether cleavage of other substrates accounts for the final cytolysis.
Previous studies to identify the cellular mechanism of action of LeTx have identified a series of physiological changes that precede macrophage lysis. The earliest events, beginning 45 min after toxin challenge, are an increase in permeability to Na ϩ and Rb ϩ and a conversion of ATP to ADP and AMP. Later events include alterations in membrane permeability to Ca 2ϩ , Cr 2ϩ , Cl Ϫ , SO 4 2Ϫ , amino acids, and uridine, beginning at 60 min; inhibition of macromolecular synthesis, leakage of cellular lactate dehydrogenase, and onset of gross morphological changes, beginning at 75 min; and cell lysis, beginning at 90 min (16) (17) (18) . Certain inhibitors of endopeptidases have been shown to block intoxication of macrophages by LeTx (21, 26) . However, not all of these inhibit the in vitro proteolytic activity of LF (13) , suggesting that they act on events downstream in the cytolytic cascade that follows the initial proteolytic cleavage event(s) catalyzed by LF. Moreover, protein synthesis has been shown to be required for expression of LeTx cytotoxicity (1) . LeTx-induced cytotoxicity can be switched to apoptosis under narrow conditions when cells were preincubated with the protein phosphatase inhibitor calyculin A (25) , suggesting that apoptotic and LeTx-induced death mechanisms may have similarities and may utilize some of the same cellular components.
Although the caspases are the central proteases involved in apoptosis, recent studies have shown that the proteasome also plays a role in some apoptotic pathways. The proteasome is a multicatalytic protease that accounts for the major extralysosomal degradation of cellular proteins. The 20S proteasome is a large (ϳ700 kDa), hollow, cylindrical complex composed of four stacked rings, each containing seven subunits. The subunits of the inner rings are associated with the proteolytic activities of the complex. The 20S proteasome forms the catalytic core of the larger 26S proteasome, which is responsible for the ATP-dependent degradation of proteins tagged for destruction by ubiquitin as well as nonubiquitinated substrates (39) . The proteasome participates in a number of proteolytically mediated intracellular processes, including the rapid elimination of proteins with abnormal structures (4, 19) and the temporal reduction in levels of regulatory proteins critical for control of the cell cycle and transcription (28) . The proteasome plays a role in apoptosis, as shown by the ability of proteasome inhibitors to either induce (5) or, more commonly, inhibit (12, 20, 36) apoptosis, depending on the cell type and phase of the cell cycle examined.
To identify the molecular events by which LF proteolytic action in the cytosol leads to macrophage lysis, we extended studies of protease inhibitors (21) to include recently identified agents specific for caspases and the proteasome. The specific proteasome inhibitors efficiently protected macrophages from LeTx but did not block cleavage of MEK1, the substrate of LF. This suggests that one of the downstream events following the cleavage of MEK1 or other putative substrates of LF is the degradation of certain protein molecules and that this is an essential step in the cascade leading to macrophage lysis.
MATERIALS AND METHODS
Abbreviations. Abbreviations used in this paper are as follows: ALLN, acetylLeu-Leu-norleucinal; ALLM, acetyl-Leu-Leu-methioninal; AMC, 7-amino-4-methylcoumarin; DEVD-FMK, Asp-Glu-Val-fluoromethylketone; EF, anthrax toxin edema factor; LeTx, anthrax lethal toxin; LF, anthrax toxin lethal factor; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MEK1, mitogen-activated protein kinase kinase 1; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide; PA, anthrax toxin protective antigen; SLLVY, succinyl-Leu-Leu-Val-Tyr; YVAD-CMK, Tyr-Val-Ala-Asp-chloromethylketone; Z-LLE, benzyloxycarbonyl-Leu-Leu-Glu; Z-VKM, benzyloxycarbonyl-Val-LysMet.
Reagents. Lactacystin, MG132 (carbobenzyloxy-Leu-Leu-leucinal), ALLN (also called calpain inhibitor I), ALLM (also called calpain inhibitor II), and the fluorogenic proteasome substrates SLLVY-AMC, Z-LLE-AMC, and Z-VKM-AMC were purchased from Calbiochem (San Diego, Calif.). The caspase inhibitors YVAD-CMK and DEVD-FMK were from Clontech. Other protease inhibitors were from Sigma (St. Louis, Mo.). Rabbit polyclonal antibodies against the N terminus (amino acids 2 to 18) of mouse MEK1 and the C terminus of Xenopus MEK1 (amino acids 360 to 378) were purchased from Upstate Biotechnology (Lake Placid, N.Y.). Rabbit polyclonal antibodies against IB-␣ and horseradish peroxidase-conjugated anti-rabbit immunoglobulin G were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.).
Cell culture. Murine macrophage-like cells, RAW 264.7 (ATCC TIB-71), were obtained from the American Type Culture Collection (Manassas, Va.). The cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Cells were grown in a humidified atmosphere of 5% CO 2 at 37°C.
Cytotoxicity assays. RAW 264.7 cells were grown in 96-well plates to 70% confluence. Inhibitors were diluted serially in complete medium and applied to the cells. The PA and LF mixture in medium was immediately applied to the cells with each at a final concentration of 500 ng/ml. After incubation at 37°C for 2 h, MTT was added to the cells to a final concentration of 0.5 mg/ml. After another 2-h incubation, the medium was removed and the blue pigment was dissolved in 0.5% sodium dodecyl sulfate-40 mM HCl-90% isopropanol. The A 570 was measured in a microplate reader (Molecular Devices, Menlo Park, Calif.). Positive controls were cells treated with PA and LF in absence of inhibitors, whereas negative controls were cells treated with neither toxin nor inhibitors. Cell viability was calculated as 100 ϫ (A x Ϫ A pc )/(A nc Ϫ A pc ), where A x , A pc , and A nc are the A 570 of the sample, the positive control, and the negative control, respectively.
Preparation of cell lysates and Western blotting. RAW 264.7 cells were grown in six-well plates to confluence and treated with inhibitors and toxins, as indicated, at 37°C. The cells were washed with cold Hanks balanced salt solution without Ca 2ϩ and Mg 2ϩ and lysed in 120 l of cold lysis buffer (1% Triton X-100, 1% sodium deoxycholate, 25 mM HEPES [pH 7.5], 150 mM NaCl, 20 mM NaF, 2 mM dithiothreitol, 1 mM EDTA, 1 mM EGTA, 0.2 mM sodium vanadate, 20 mM ␤-glycerol phosphate, 100 g of phenylmethylsulfonyl fluoride per ml, 2 g of aprotinin per ml, 2 g of leupeptin per ml, 10 g of p-aminobenzamidine per ml). The cell lysate was centrifuged and the supernatant was mixed with sodium dodecyl sulfate sample buffer for electrophoresis. Proteins were blotted onto a nitrocellulose membrane and probed with antibodies against MEK1 N or C terminus or antibodies against IB-␣. Horseradish peroxidase conjugated secondary antibodies were used, and a blotting signal was developed with SuperSignal chemiluminescent substrate from Pierce (Rockford, Ill.).
ATP measurement. RAW 264.7 cells were grown in 96-well plates to 70% confluence. The cells were treated with inhibitors and toxins as indicated at 37°C for 1 h. Intracellular ATP was released and determined by luciferin/luciferase with a bioluminescent somatic cell assay kit from Sigma, according to the manufacturer's instructions. Luminescence was measure on a Monolight model 2010 luminometer (Analytical Luminescence Laboratory, San Diego, Calif.) with 2-s delay and 10-s signal integration. Concentrations of ATP were calculated by comparison to a standard curve obtained with pure ATP. Positive controls were cells treated with 10 mM 2-deoxy-D-glucose and 10 M antimycin in Dulbecco's phosphate-buffered saline supplemented with 2 mM Ca 2ϩ and 1.5 mM Mg 2ϩ . Negative controls were cells with no treatment. Percentage of control was calculated as 100ϫ (C x Ϫ C pc )/(C nc Ϫ C pc ), where C x , C pc , and C nc are the ATP concentrations of the sample, the positive control, and the negative control, respectively.
Measurement of proteasome activity. RAW 264.7 cells were dissociated from plates with cell dissociation buffer (GIBCO-BRL, Rockville, Md.). The cells were suspended and treated with or without toxin for 1 h at 37°C. After centrifugation, the cells were suspended in cytoplasmic buffer (50 mM Tris-HCl buffer [pH 8 .0] containing 140 mM KCl, 10 mM glucose, 2 mM ATP, 5 mM MgCl 2 , 1 mM EGTA, 0.5 mM dithiothreitol, and 10% glycerol and supplemented with a protease inhibitor cocktail [100 g of phenylmethylsulfonyl fluoride per ml, 2 g of aprotinin per ml, 2 g of leupeptin per ml, 1 g of pepstatin per ml, 10 g of p-aminobenzamidine per ml, and 50 M E-64). The cells were sonicated in the presence or absence of 20 M lactacystin, and 50 l of cell extracts containing 150 g of protein was mixed with 50 l of an 80 M fluorogenic substrate (SLLVY-AMC, Z-LLE-AMC, or Z-VKM-AMC). The reaction mixtures were incubated at 37°C for 15 min. The results were read on an LS-50 fluorescence spectrometer (Perkin-Elmer, Norwalk, Conn.) with excitation at 380 nm and emission at 460 nm. Specific proteasome activity was calculated as the difference between fluorescence intensities in the absence and in the presence of lactacystin.
RESULTS
Proteasome-specific inhibitors block the cytotoxicity of LeTx. Protease inhibitors with various target specificities were serially diluted and applied to RAW 264.7 cells. PA and LF were each added at a final concentration of 500 ng/ml for 2 h, and cytotoxicity was measured by the MTT assay. As shown in Fig. 1 , all of the proteasome inhibitors, i.e., MG132, lactacystin, and ALLN, were very potent in inhibiting the cytotoxicity of LeTx. MG132 alone had some toxicity to the cells at concentrations above 50 M. Both YVAD-CMK, a caspase-1 inhibitor, and DEVD-FMK, a caspase-3 inhibitor, were ineffective at 50 M. The cysteine and serine protease inhibitors E-64d, antipain, and leupeptin did not inhibit cytotoxicity.
One of the effective agents, ALLN, is also an inhibitor of calpain. Both ALLN and ALLM inhibit calpain at nanomolar concentrations, and with similar potencies (35) . ALLN and ALLM also inhibit the proteasome, but at micromolar concentrations and with markedly different potencies (35) . In RAW 264.7 cells, ALLM also inhibited LeTx cytotoxicity but at a concentration 100-fold higher than the effective concentration of ALLN, indicating that this inhibition is probably not due to an effect on calpain. The 50% inhibitory concentrations for MG132, lactacystin, and ALLN were approximately 3.0, 3.0, and 9.0 M, respectively. These data indicate that proteasome activity is necessary for LeTx cytotoxicity, whereas other cellular protease activities are not.
Proteasome inhibitors inhibit the proteasome at concentrations similar to those that inhibit LeTx action. To confirm that the inhibitors tested above block proteasome activity in RAW 264.7 cells, we utilized a cellular marker that is degraded by the proteasome. IB-␣ is an inhibitor of the nuclear transcriptional factor NF-B. Following stimulation of cells by extracellular signals such as LPS and tumor necrosis factor alpha, IB-␣ undergoes phosphorylation, ubiquitination and proteasomedependent degradation. Degradation of IB-␣ releases NF-B, allowing its translocation to the nucleus where it activates certain responsive genes (37) .
We first examined the time course of IB-␣ degradation induced by LPS. As shown in Fig. 2A , IB-␣ degradation was rapid and transient. Degradation peaked at 30 min after LPS treatment, and resynthesis of IB-␣ occurred at 60 min. This result is consistent with previous results (2) . Therefore, we selected 30 min as the time point at which to analyze IB-␣ degradation. The proteasome inhibitors were incubated with RAW 264.7 cells for 30 min before addition of LPS. After 30 min at 37°C, the cells were lysed and analyzed by Western blotting with antibodies against IB-␣. As shown in Fig. 2B , ALLN, MG132, and lactacystin all inhibited the proteasomedependent degradation of IB-␣ and did so in a concentrationdependent manner. The concentrations that inhibited proteasome-dependent degradation of IB-␣ were similar to those that inhibited the cytotoxicity of LeTx. These data further support the hypothesis that these inhibitors block LeTx action through inhibition of proteasome activity.
Proteasome inhibitors do not prevent proteolytic cleavage of MEK1 by LF. Agents which protect macrophages from LeTx might act at any step in the intoxication process. To exclude the possibility that the proteasome inhibitors block LF binding, endocytosis, translocation into the cytosol, or catalytic activity, we measured cleavage of MEK1 in LeTx-treated cells. Cleavage of MEK1 was detected by Western blotting with polyclonal antibodies raised to MEK1 residues 2 to 18. Cleavage after residue 7 by LF eliminates reactivity with this antiserum (7) . The presence of native and cleaved forms of MEK1 was verified with antibodies against the C-terminal region. As shown in Fig. 3A , after 60 min of toxin treatment, no signal was detected by blotting with antibodies against the N terminus, whereas there was no change in reactivity with C terminus-specific antiserum. This indicated that MEK1 was completely cleaved after 60 min of toxin treatment. Then, RAW 264.7 cells were treated with PA and LF for 60 min in the presence or absence of the inhibitors, followed by Western blotting. As shown in Fig. 3B, MEK1 was cleaved in the presence of the proteasome inhibitors. This indicates that the proteasome inhibitors do not block any process before cleavage of cytosolic MEK1, e.g., toxin binding, internalization, or translocation. Therefore, the proteasome must be required at some stage subsequent to the initial proteolytic cleavage by LF of MEK1 or other cellular substrates.
LeTx-induced ATP depletion is prevented by proteasome inhibitors. One of the early events detectable in LeTx-treated macrophages is depletion of ATP (17) . To determine whether proteasome activity is necessary at an early stage, we measured the effect of proteasome inhibitors on the ATP depletion in- LeTx does not induce proteasome activity. To investigate whether LeTx induces a generalized activation of the proteasome that would lead to extensive degradation of cellular proteins, we used fluorogenic substrates to measure the proteasome activity. The proteasome has at least three peptidase activities, including chymotrypsin-like activity, trypsin-like activity, and peptidylglutamyl activity (31) . Fluorogenic substrates that are used to measure proteasome activities include SLLVY-AMC, Z-VKM-AMC, and Z-LLE-AMC. RAW 264.7 cells in suspension were found to be as sensitive to LeTx as those adherent to surfaces (data not shown) and were used in this experiment. RAW 264.7 cells were treated in suspension for 1 h with 500 ng (each) of PA and LF per ml. The cells were collected and disrupted by sonication. This crude cell extract was used to measure proteasome activity. Because lactacystin specifically inhibits the peptidase activities of the proteasome, specific proteasome activities were calculated as the difference in substrate hydrolysis in the absence and in the presence of 20 M lactacystin. For all three substrates, more than 50% of the total hydrolytic activity was inhibited by lactacystin (data not shown). As shown in Fig. 5 , there was no increase in proteasome activities in cells treated with PA and LF compared with untreated cells, indicating that LeTx does not increase the activity of the proteasome during its toxic process.
DISCUSSION
In this study, comparison of a group of protease inhibitors led to the discovery that the proteasome inhibitors ALLN, MG132, and lactacystin are very potent blockers of the cytotoxicity of LeTx (Fig. 1) . Although ALLN and MG132 can strongly inhibit the cysteine proteases calpain and cathepsin B, lactacystin has no effect on any cellular protease tested other than the proteasome, including calpain I, calpain II, and cathepsin B (8) . Furthermore, lactacystin does not inhibit lysosomal protein degradation (3). Lactacystin covalently binds to the catalytic subunits of the proteasome (3) so that physiological effects caused by lactacystin are highly diagnostic of proteasome involvement (8) . We found that the concentrations of the proteasome inhibitors required to block LeTx-induced cytotoxicity were similar to those that blocked the intracellular activity of the proteasome, as assessed by the LPS-induced degradation of IB-␣ (Fig. 2) . These data indicate that functional proteasomes are indispensable to the cytotoxicity of LeTx. Because the inhibitors did not block cleavage of MEK1 by LeTx but did block the early event of ATP depletion, the proteasome must be involved in a process occurring soon after the initial cleavage by LF of its intracellular substrate(s).
Another well-characterized proteolytic process that leads to cell death is caspase-mediated programmed cell death, or apoptosis (11) . Although LeTx-induced macrophage killing appears to be more necrotic than apoptotic and occurs more rapidly (90 min) than apoptotic death, we considered that LeTx might somehow recruit components of the caspase cascade in its toxic mechanism. However, the specific caspase inhibitors YVAD-CMK and DEVD-FMK did not prevent lysis when used at 50 M, a concentration that blocks apoptosis in most cell types. Therefore, it appears that caspase activity is not essential to the action of LeTx.
Previously, protease and aminopeptidase inhibitors including bestatin and L-phenylalaninamide were shown to inhibit the cytotoxicity of LeTx (21) . These agents do not inhibit the cleavage of MEK1 in toxin-treated cells (data not shown) and therefore do not directly interfere with the proteolytic activity of LF. We considered whether they might act, like lactacystin and ALLN, to inhibit proteasome activity. However, two lines of evidence argue against this mechanism. First, they did not block the proteolytic cleavage of fluorogenic proteasome substrates by cellular extracts. Second, they did not cause accumulation of polyubiquitinated proteins as did other proteasome inhibitors (data not shown). Therefore, bestatin and phenylalaninamide do not inhibit the proteasome and must act on some other cellular component required for LeTx action. This study was undertaken to begin to define the molecular steps leading to LF-mediated macrophage lysis. The recent demonstration that LF cleaves MEK1 within cells (7, 41) constitutes an important step toward defining the process of LeTx action. The demonstration that the proteasome is essential to this process helps to limit the number of possible mechanisms for LeTx action but leaves many possibilities to consider. We and others (6, 15, 38) have discussed whether MEK1 cleavage alone could lead to the rapid lysis of mouse macrophages (90 min) and the even more rapid death of Fischer 344 rats (38 min) . It has been difficult to identify mechanisms through which MEK1 cleavage could lead to rapid cell lysis, and therefore it is possible that other important proteins in macrophages are targets of LF cleavage.
In seeking to explain how LF and the proteasome might interact to cause cell lysis, it must be considered that inhibition of proteasome activity has secondary effects on cells that might indirectly make them resistant to LeTx. For example, MG132 is reported to induce a shock response and the JNK pathway (27) . However, these effects occur slowly in comparison to the rapid action of LeTx and therefore are unlikely to account for the protective effects of proteasome inhibitors.
We also considered the possibility that LeTx action might cause a general and nonspecific increase in proteasome activity that leads to destruction of many proteins essential to homeostasis. However, LeTx-treated cells did not have increased ability to cleave three fluorogenic proteasome substrates (Fig.  5) . Therefore, it is probable that the proteasome contributes to LeTx toxicity by cleavage of a small number of proteins that are not normal proteasome substrates. Such proteins must be so essential for homeostasis of macrophage-like cells that degradation of them will result in cell lysis. These could be either structural proteins required for membrane integrity or "monitoring" proteins that prevent activation or release from specialized compartments of the toxic molecules macrophages use to kill phagocytosed bacteria.
In light of the established findings that LF cleaves and inactivates MEK1, it can be expected that a downstream substrate(s) of MEK1 will be dephosphorylated. The well-characterized substrates downstream of MEK1 include the Erk1/2 MAPKs involved in transcriptional regulation. However, there may be additional proteins downstream of MEK1 that are highly expressed or uniquely essential in macrophages. The dephosphorylation of such a molecule(s) could decrease its stability and cause its rapid degradation by the proteasome. Both phosphorylation and dephosphorylation have been reported to make certain proteins susceptible to ubiquitination and degradation by the proteasome. An example that comes from within the same MAPK cascade as MEK1 is the proteasome-mediated degradation of c-Mos that occurs following dephosphorylation of a serine close to the N terminus (30) . Another kinase that is made more susceptible to proteasome action by dephosphorylation is protein kinase C (22). In contrast, a protein at the end of the MAPK cascade, c-Jun, is stabilized by phosphorylation (10, 29) . Although events of this type may contribute in some way to the rapid cell lysis caused by LeTx, it is difficult to cite examples in which blocking of a protein kinase cascade leads directly to such rapid and cytolytic events. It seems more likely that alterations to the kinase cascades could contribute to a broader disruption in homeostasis in which other events are dominant.
One direct way in which LF might interact with the proteasome is by exposing a previously cryptic signal, resulting in degradation of a particular cytosolic protein by the proteasome. For certain cytosolic proteins, the half-life is determined by the identity of the N-terminal amino acid. According to the N-end rule formulated by Varshavsky (40) , a stable cytosolic protein can be converted to a highly unstable protein by removing a few amino acids so that the new N terminus is a destabilizing residue which targets the protein for ubiquitination and proteasome degradation. Thus, one could imagine that LF cleaves an essential protein near the N terminus (as it does with MEK1), thereby making it a preferred substrate for proteasome action.
To our knowledge, this is the first report that a functional proteasome in the target cell is essential for a bacterial protein toxin to accomplish its toxic process. Because LF is itself a protease, the series of events leading to macrophage lysis depends on the activity of both a bacterial (pathogen) protease and a cellular one. Presumably, other cellular components are needed to initiate and amplify the cascade that leads to cell lysis.
During preparation of this paper, a gene designated Ltx1, which determines the susceptibility of mouse macrophages to LeTx, was mapped to chromosome 11 by analysis of crosses between resistant and susceptible mouse strains (34) . Susceptibility was dominant to resistance, suggesting that resistance is caused by an absence of, or polymorphism in, a molecule that acts downstream of the activity of LF. This finding supports our view that LeTx action involves cascades in which cellular components are altered to lead to cell lysis. Identification of these components will clarify the pathogenic mechanisms used by B. anthracis and may identify targets for therapy.
